Atmospheric remote sensing has played a pivotal role in the increasingly sophisticated representation of clouds in the numerical models used to assess global and regional climate change. This has been accomplished because the underlying bulk cloud properties can be derived from a statistical analysis of the returned microwave signals scattered by a diverse ensemble comprised of numerous cloud hydrometeors. A new Doppler radar, previously used to track small debris particles shed from the NASA space shuttle during launch, is shown to also have the capacity to detect individual cloud hydrometeors in the free atmosphere. Similar to the traces left behind on film by subatomic particles, larger cloud particles were observed to leave a well-defined radar signature (or streak), which could be analyzed to infer the underlying particle properties. We examine the unique radar and environmental conditions leading to the formation of the radar streaks and develop a theoretical framework which reveals the regulating role of the background radar reflectivity on their observed characteristics. This main expectation from theory is examined through an analysis of the drop properties inferred from radar and in situ aircraft measurements obtained in two contrasting regions of an observed multicellular storm system. The observations are placed in context of the parent storm circulation through the use of the radar's unique high-resolution waveforms, which allow the bulk and individual hydrometeor properties to be inferred at the same time.
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microphysics | convection | cumulonimbus | backscatter O ne of the greatest uncertainties in long-term climatic prediction stems from the numerical representation or parameterization of radiatively important cloud systems in climate models (1) . As the design of the cloud parameterizations themselves are based on observed cloud structure and dynamics, a concerted effort has been underway to improve the monitoring of global cloud structure through atmospheric remote sensing means (1, 2) . The enhanced monitoring of the bulk cloud properties such as the reflectivity, Doppler-derived flow, or particle phase has led to a fundamental increase in the understanding of the underlying cloud structure and dynamics as well as provided a means in which to assess the design and performance of the cloud schemes used in general weather and climate prediction systems alike (3) (4) (5) (6) (7) (8) (9) (10) (11) . Understandably, microwave radar studies of individual hydrometeors has remained a more elusive undertaking with the vast majority of studies conducted under highly controlled settings in which single isolated particles are suspended in wind tunnels or tethered to balloons (12) (13) (14) . Nevertheless, these studies have revealed considerable insights on the shape, oscillatory behavior, and terminal velocity of drops suspended in a free airstream which govern the particle collection and collision rates that ultimately control the onset and fallout of precipitation-sized particles from a wide variety of the planet's cloud systems.
The ability to detect and characterize the properties of individual cloud hydrometeors formed within the free atmosphere could arguably be considered the next significant step in remote sensing, particularly if the bulk properties of the cloud system could be ascertained at the same time. This hybrid approach is examined here using the high-resolution 3 MW, dual-polarization, C-band, Pulsed Doppler Mid-Course Radar (MCR) operated in the Cape Canaveral region of Florida by the US Navy. The ability of the MCR to simultaneously record the bulk and individual drop properties within a given cloud system stems from the properties of two linear frequency modulated wave forms which are alternatively transmitted with a pulse repetition frequency (PRF) of 160.1 Hz. Each waveform has a narrow 0.22 degree beam width and a 6 dB width range resolution of either 37 m or 0.546 m (referred to as the narrow and wideband wave forms, respectively, throughout the text). This combination of signal attributes leads to the remarkably small pulse volumes of the wideband (as fine as ∼14 m 3 at the range of 2000 m used in this study), which make it possible to sample individual cloud hydrometeors.
We examine the properties of a series of peculiar, nearly linear high-reflectivity echo patterns that appear in the wideband data, which are henceforth referred to as "streaks" in light of the previous wind tunnel observations of (15) . An analysis of the factors contributing to their detection and observed characteristics is simplified by the fact that the diameters (D i ) of the individual streak particles are observed to lie within the Rayleigh scattering regime [D i < λ∕16 < 3.3 mm given the MCR's 0.05306-m wideband wavelength (λ)], where the radar reflectivity factor in a unit volume of air (Z) can be expressed as Z ¼ ΣD i 6 . When a single large particle (the streak) enters a radar sample volume filled with numerous smaller drops, this strong D 6 dependency on Z (hereafter referred to more simply as the reflectivity) can be exploited in a manner which reveals the conditions under which certain particles stand out as streaks against a given "background" reflectivity field.
This main theme of the paper is pursued through a series of plots which reveal the nature of the streaks observed within two regions of the same storm complex exhibiting significant differences in their overall reflectivity structure. Three independent techniques for ascertaining the drop velocity and diameter characteristics from the streak observations in each region are obtained by computing: (i) the velocity from the measured streak slope obtained from the radar-derived time-height reflectivity plots; (ii) the diameter from the magnitude of the along-streak radar reflectivity; and (iii) the velocity from the Doppler phase shift using the techniques discussed by (16) . The accurate diameter-dependent rain drop terminal velocity (V T ) formulas of (17) are then used to provide a linkage between the independent particle diameter and velocity estimates. By plotting the derived streak diameters obtained in each region versus their observed background reflectivity field, we then arrive at the result which reveals the underlying role of the background reflectivity in governing the size of the observed streak particles.
Results
To provide a feel for the sensitivity of the MCR radar and, in fact, to show that it is capable of detecting a single rain drop as claimed, we first derive an estimate of the smallest detectable particle at a given range of interest in the following form:
where D is the particle diameter (in millimeters), λ is the radar wavelength, LG is the MCR loop gain expressed as a power ratio of the signal power to noise power and has a value of 10 27 m 2 (or 270 dB), K p is the dielectric constant of the particle, R is the range to the particle in meters, and the signal-to-noise ratio [SNR ¼ SIRðZNR þ 1Þ] is written in terms of the combined effects of the particle (SIR) and background (ZNR) signal-to-noise power ratios. In deriving Eq. 1A, we make the assumption that the particle in question satisfies the Rayleigh approximation and that the quantity LG∕ð1 þ ZNRÞ can be interpreted as the radar loop gain in the presence of the interfering background return. Note that Eq. 1A takes on the more standard textbook form when ZNR approaches zero and the ratio R 4 SIR∕LG is replaced by the usual radar backscatter cross-sectional area (σ).
When the background signal-to-noise power ratio is large, Eq. 1A can also be written as follows:
where V 1 (m 3 ∕km 2 ) is the illuminated volume normalized to R 2 (i.e., the volume at a range of 1 meter), which depends on the antenna beam widths and range resolution; Z b is the background reflectivity in units of mm 6 m −3 ; and K b is the dielectric constant of the background particles. These two expressions are equivalent, but Eq. 1A can be used to show the limits for D as ZNR approaches zero (in which case SNR ∼ SIR), while Eq. 1B can be used to show the limit for D when ZNR ≫ 1. We also see from Eq. 1B that the minimum detectable particle of diameter D is directly proportional to the range to the particle, the value of the background reflectivity, and the water phase of both the particle and background.
Both forms of Eq. 1 are useful in that they indicate that the value of minimum detectable diameter needs to increase when ZNR ≫ 1 in order for that particle to be detected above and beyond that of the background noise. Theoretically, SNR ¼ 1 is the threshold at which the particle has a power just equal to the noise; however, a SNR up to a value of approximately 6 dB is often required in practice in order for the particle to be unambiguously resolved above the noise level. As a concrete example, using a dielectric constant of 1.0, a range of 2,000 m, and SNR values of 0 and 6 dB, we arrive at minimum diameter estimates representative of readily observable small rain drops (0.276 and 0.35 mm for SNR values of 0 and 6 dB, respectively).
The two main expectations from Eq. 1A are that the background reflectivity regulates the size of the streak particles and that the MCR can detect individual hydrometeors generating streaks provided that they are observed relatively close to the radar. To test these two main tenets of Eq. 1, we examine the radar data derived from two high-range resolution (0.5 m) wideband analysis domains (labeled B1 and B2 in Fig. 1 ) which sampled the lower portion of a weak multi-cellular storm complex that was observed to produce streaks as it passed directly over the vertically pointed MCR during the afternoon of August 27, 2010. The temporally averaged view of this storm system derived from the perspective of the lower range resolution (37 m) narrowband wave form reveals that the MCR sampled two shallow convective cells (labeled A and B) in excess of 20 dBZ during the 1-h measurement period as well as an intervening gap between cells where the observed reflectivity was found to be considerably lower. In the vicinity of the B1 and B2 analysis domains, the reflectivity differential approached 40 dBZ, and this was thus deemed to be of sufficient spread in order to test the predictions of Eq. 1.
The available in situ aircraft and radar measurements shown in Fig. 1 suggest that the hydrometeors entering these two analysis domains originated further aloft as ice particles prior to melting and settling into the lower portions of the storm as liquid particles within the series of narrow precipitation streamers that are seen to stem from the area of the radar reflectivity bright band evident near 4.6 km. Note that the reflectivity values within the precipitation streamers quickly fade with distance below the melting level, particularly in the gap region between the two dominant cells, indicating either a transport of the drops out of the MCR's timeheight observational plane by the environmental flow and/or the onset of significant evaporation. The latter possibility is supported by the dry environmental conditions observed below the melting level by both the aircraft (Fig. 1) and a rawinsonde ascent which occurred in the prestorm environment (Fig. S1 ). The measured mean layer values near 70% indicate that the rain drops would have been susceptible to considerable evaporation in the intervening layers prior to entering the B1 and B2 analysis domains (18, 19) . This likely would have contributed to a significant reduction in the particle concentration and size as the particles settled from flight level into the lower reaches of the storm, particularly in the gap region containing the B1 analysis domain which lacked the more persistent precipitation streamers observed in either of the two main convective cells.
While the temporally averaged narrowband reflectivity structure evident in Fig. 1 exhibits considerable detail, there is nothing in the plot to indicate that the MCR is capable of detecting individual drops as previously claimed. This perception changes dramatically, though, when the colocated wideband data is viewed at the full native temporal and 0.5 m range resolution of the MCR (Figs. 2 and 3 ). These images from the B1 and B2 analysis domains (see Figs. S2 and S3 for the locations of these domains) reveal a remarkably rich reflectivity structure that consists of distinct and nearly parallel linear sloping reflectivity maxima or "streaks" that stand out against the weaker and more uniform background reflectivity field. Note that each streak in Figs. 2 and 3 slopes downward in time from left to right across the plots, indicating inbound "targets" that are moving toward the vertically pointed MCR at relatively constant speeds. One also clearly begins to see the discrete nature of the streaks as well as the variability in their various attributes such as the slope, concentration, length, and magnitude of the along-streak radar return.
As initially anticipated from Eq. 1A, and as suggested above from the available radar and in situ aircraft data shown in Fig. 1 , the variability in the observed streak structure provides the first indication that the underlying particles in these two regions of the storm fall into two distinctly different size categories. A more Fig. 2 . Time-height plot of the MCR wideband reflectivity (dBZ) shown for the analysis box labeled B1 in Fig 1. The location of the displayed domain is depicted by the white box shown in Fig. S2 . The "streak" labeled S1 is singled out for additional analyses in the text. The bold magenta line segment depicts the power spectra derived velocity estimate of the S1 particle. The labeling on the abscissa represents the time in minutes and seconds (mm:ss) after 2100 UTC. Fig. 3 . As in Fig. 2 except that the data represents the analysis domain labeled B2 in Fig. 1 . The domain location is depicted by the white box shown in Fig. S3 . The "streak" labeled S2 is singled out for additional analyses in the text. The bold magenta line depicts the power spectra derived velocity estimate of the S2 particle.
quantitative comparison of the streak properties in each region can be conducted from an analysis of the particle diameter and/or velocity obtained from three independent methods derived from the measured streak slope, reflectivity magnitude, and Dopplerderived velocity (Fig. 4 and Fig. S4 ). The data reveal that the S2 particle was nearly three times larger and was falling at nearly twice the velocity of the S1 particle (Fig. S4) . The power spectra analysis shown in Fig. 4 also strongly suggests that these two streaks were caused by a single dominant particle falling with an unambiguous velocity of −4.4 and −8.8 ms −1 , respectively (Table S1 ). Other minor peaks evident in the power spectrum at or just below the noise threshold [computed using the method of (20) ] are attributed to radar receiver noise and the smaller particles comprising the background reflectivity in each case. Using the analysis of (17), the Doppler-derived velocity values translate into particle diameter estimates of 1.0 and 2.9 mm for the S1 and S2 streaks, respectively (Table S1 ). These diameter and velocity estimates are nearly identical to those obtained from the slope method and are only slightly greater (by less than 0.2 mm and 0.4 ms −1 , respectively) than those derived from the reflectivity measurements using Eq. 1A (Table S1 ). The reduction in the particle size estimates obtained from the reflectivity suggests that the particles either did not pass directly through the center of the beam (resulting in a reduction of the diameter estimate derived from the measured reflectivity) or were possibly embedded in a weak downdraft at the time of the observations.
When examining the reflectivity-based characteristics of individual particles, it becomes important to ascertain the possible impact on the derived particle diameter and velocity caused by variations in the particle's position, orientation, or shape within the beam. The lower frequency parabolic trend for each streak evident in Fig. S4 (given by the fitted bold dashed line in each plot) can be tied to the horizontal movement of the particle across the beam caused by the weak environmental flow (Fig. S5) , and it is this factor which impacts the streak length evident in Figs. 2 and 3 . The higher-frequency fluctuations that are also evident are more difficult to ascertain, but have been noted to occur in highly controlled wind tunnel studies (12, 13, 15) where they have been attributed to naturally occurring drop oscillations of the type examined by (21, 22) . As alluded to by (12, 23) , additional impacts on the characteristics of the oscillations in the real atmosphere can be expected to result from turbulent motion of the air, electrical effects, or the presence of other drops.
Using the slope method, all remaining streaks discernible in the radar volumes containing the B1 and B2 analysis boxes were analyzed to produce the histogram plots shown in Fig. 5 . The analysis confirms the distinct nature of the drop populations which are seen to conveniently fall into either the regime2 (B1) or regime3 (B2) drop size regimes studied by (17, 24) . As might also be inferred from the nearly parallel nature of the streaks evident in Figs. 2 and 3 , the diameter and velocity range for these particles cover a rather small velocity and size range. The derived B1 size distribution had a sharp peak near 0.75 mm and a main velocity peak near −3.5 ms −1 , while the larger B2 particles exhibited a peak in the size distribution near 3 mm and contained drops with terminal velocities generally in excess of −7 ms −1 . Note also that the minimal detectable diameter for the B1 particles (600 μm) is nearly twice that expected at this range, while that of the B2 particles is some six times greater. As we see in the Discussion, these differences reflect the controlling influence of the background reflectivity on the lowest detectable particle size.
Discussion
The complete lack of smaller streak drops in the B2 grouping shown in Fig. 5 was an unexpected result of the initial analysis, and ended up serving as the primary motivation for examining the possible role of other factors in differentiating which particles the MCR detected as streaks. While microphysical arguments could possibly be invoked to explain the lack of larger particles in the gap region containing the B1 analysis domain, it would seem highly unlikely that particles less than 2 mm were entirely absent near the stronger rain shaft entering B2 evident in Fig. 1 . This is supported by the in situ aircraft data aloft (Fig. 1) and the presence of the broad background reflectivity values generally in excess of 0 dBZ that are observed to flank the primary B2 rain shaft (Fig. 3) . What then leads to the utter lack of individual streaks below the 2 mm threshold in the B2 analysis domain?
For clues, we plot the solutions for the particle diameter obtained from Eq. 1A for a wide variety of SIR and background Number per Bin Fig. 5 . Histograms of velocity (ms −1 ; Left) and particle diameter (mm; Right) derived from the observed streak slopes. The B1 and B2 labels refer to the two main streak groupings discussed in the text. The velocity values are derived directly from the digitized streak slopes (see Text), while the diameters are derived from application of the velocity-diameter relationship of (17) . The velocity bin size is 0.05 ms −1 , while that for diameter is 0.02 mm.
reflectivity values (Fig. 6 ). The plotted curves show a number of interesting features which highlight the role of the background reflectivity in determining which particles stand out as streaks in the MCR time-height plots. First note that the curves confirm the expectation that larger particles serve as the streaks in the face of an increasing background reflectivity field. Note also that the spread in detectable diameters between any two SIR limits also increases with the background reflectivity suggesting, in general agreement with the plotted data shown in the histograms of Fig. 5 , that a wider size distribution of particles may be expected in environments that have a higher background reflectivity. The plotted data points represent the derived streak diameter and background reflectivity values obtained for each streak grouping. The streak diameter was determined from the slope method, while the background reflectivity value was obtained by computing an average power-weighted reflectivity value from a limited number of surrounding range gates lying beyond a five-gate offset from the immediate streak axis. The plotted data points are found to be in excellent agreement with the plotted theoretical curves. They also reveal that a well-defined lower limit in the SIR of approximately 6 dB is required before the particles stand out as streaks against a given background reflectivity. Thus, even though the MCR can detect a single particle of 273 μm at a range of 2 km with no background reflectivity, in practice the background reflectivity adds an additional factor ðZNR þ 1Þ 1∕6 [see Eq. 1A] which acts to increase this limit to the ∼600 μm limit evident in Fig. 6 .
The main results illustrated above suggest that a combined use of two waveforms, such as available with the MCR, allows both the bulk cloud structure and individual particle properties to be ascertained at the same time. Similar to the traces left behind on film by subatomic particles, larger cloud particles were observed to leave behind a well-defined signature (or streak) on the background radar reflectivity time-height field which could subsequently be used to infer their underlying properties. The single particle interpretation is supported by the excellent agreement found between three independent estimates, which were used to derive the particle diameter and velocity. We anticipate that these unique high-resolution radar data sets will lead to increased understanding of the internal structure and cloud dynamics that have long served the development of cloud microphysical parameterizations utilized in both cloud resolving and climate prediction systems.
Methods
We analyze the streaks by assuming that they represent a single dominant rain drop passing through a weaker background reflectivity comprised of much smaller particles. The case in which the streaks possibly represent a cluster of two or more dominant drops has been determined to have an exceedingly low probability of occurrence in the low precipitation environments examined here, and is not addressed further in this initial study. Since the MCR is calibrated with a weather radar equation that actually assumes that backscatter follows the Rayleigh approximation, and that the complete volume is filled with particles, the reflectivity factor, Z, may be directly used to calculate the diameter (D) via:
[2]
In Eq. 2 R is the range (km) and V 1 (m 3 ∕km 2 ) is the range normalized volume, which at a range of 2 km is 14.18 cubic meters. In applying Eq. 2, the underlying assumption is that the smaller background precipitation particles contained within the pulse volume contribute insignificantly to the back scatter when compared to the single larger drop that causes the streak. The parameter values needed to evaluate Eq. 2 are extracted along a given streak axis at each radar pulse that intersects the streak. Once an estimate of D is obtained for each pulse, the velocity-diameter relationships of (17) are then used to compute the velocity such as is shown in Fig. S4 . The average value of the diameter is estimated by performing a power-weighted average of the 256 reflectivity estimates shown in Fig. S4 and is listed in Table S1 .
A second independent method of determining the streak diameter was computed from the slope of each discernible streak, such as is evident in the raw wideband time-height plots shown in Figs. 2 and 3 . The slope was calculated by digitizing the starting and ending locations of each streak using the Getdatagraphdigitizer software and then computing the ratio of the resulting range and time increments. As the slope of each streak in a time-height plot can be directly related to a drop's total vertical velocity (V ¼ V T þ w), estimates of the particle's diameter can be made provided the ambient vertical velocity (w) is small (shown to be a good approximation) in comparison to the terminal velocity (V T ) of the drop in question. As the drops that produce the streaks examined here are conveniently found to reside in the upper two size categories considered by (17) [Regime2: 20 μm < D < 1.07 mm and Regime3: 1.07 mm < D < 7.0 mm], we use the diametervelocity relationships for those two size regimes exclusively to numerically determine the diameter listed in Table S1 from a given estimate of V T obtained from the slope method.
One final independent estimate of the particle diameter can be derived from an estimate of the particle's velocity obtained from an analysis of the particle's Doppler phase shift (16) . The algorithm for extracting the vertical velocity from the MCR data proceeds in standard fashion by computing the FFT of the complex signal voltage formed from the in-phase and quadrature signal components and constructing the corresponding power spectra. As is the case in the application of Eq. 2, the FFT is constructed from the reflectivity and phase data extracted along the streak axis. The FFT for each streak was constructed from the 256-point data sample plotted in Fig. S4 . As with the slope method, the velocity-diameter relationships of (17) are then applied to estimate the particle diameter listed in Table S1 . and various values of SIR (labeled in dB). The plotted solid circles represent the calculated diameter and background reflectivity of each streak. The diameter was computed by the slope method while the computation of the background reflectivity value was derived from a power-weighted average of the reflectivity obtained from nearby range gates residing on either flank of the streak. The labels B1 and B2 refer to the two main streak groupings discussed in the text. The gray dots depicted in the B1 and B2 groupings denote the location of the S1 and S2 streaks, respectively.
